Four to six percent of plants, distributed over different angiosperm families, entice pollinators by deception [1] . In these systems, chemical mimicry is often used as an efficient way to exploit the olfactory preferences of animals for the purpose of attracting them as pollinators [2, 3] . Here, we report a very specific type of chemical mimicry of a food source. Ceropegia sandersonii (Apocynaceae), a deceptive South African plant with pitfall flowers, mimics attacked honeybees. We identified kleptoparasitic Desmometopa flies (Milichiidae) as the main pollinators of C. sandersonii. These flies are well known to feed on honeybees that are eaten by spiders, which we thus predicted as the model chemically mimicked by the plant. Indeed, we found that the floral scent of C. sandersonii is comparable to volatiles released from honeybees when under simulated attack. Moreover, many of these shared compounds elicited physiological responses in antennae of pollinating Desmometopa flies. A mixture of four compounds-geraniol, 2-heptanone, 2-nonanol, and (E)-2-octen-1-yl acetate-was highly attractive to the flies. We conclude that C. sandersonii is specialized on kleptoparasitic fly pollinators by deploying volatiles linked to the flies' food source, i.e., attacked and/or freshly killed honeybees. The blend of compounds emitted by C. sandersonii is unusual among flowering plants and lures kleptoparasitic flies into the trap flowers. This study describes a new example of how a plant can achieve pollination through chemical mimicry of the food sources of adult carnivorous animals.
RESULTS AND DISCUSSION
One of the most species-rich genera (200 species; [4] ) with deceitful trap flowers is the fly-pollinated genus Ceropegia L. (Apocynaceae, Asclepiadoideae). Among fly families that pollinate Ceropegia [5, 6] are taxa with kleptoparasitic habits, which steal food from other animals, i.e., predatory arthropods (e.g., spiders), by feeding on hemolymph or other secretions released by the predators' prey items [7] [8] [9] [10] [11] [12] . It is generally believed that kleptoparasitic flies find such food sources by volatile organic compounds released by the prey items after a predator attack, possibly in combination with factors generated by the predator [7, 11, [13] [14] [15] . This information suggests that kleptoparasitic flies mistake the flower scent of Ceropegia for the odor of a food source (C. dolichophylla [16, 17] ), as recently discovered in an Aristolochia species [18] . However, whether these plants chemically mimic a specific model remains unknown.
Here we elucidated the pollination biology, floral scent, and chemical mimicry system in C. sandersonii, known as Giant Ceropegia. Our specific objectives were to (1) determine which of the flower visitors are pollinators and whether pollinators are kleptoparasitic Diptera, (2) compare floral odor with volatiles of a potential model mimicked by the flowers, (3) identify shared biologically active components by analytical chemistry and electrophysiological methods, and (4) test four candidate compounds involved in pollinator attraction by bioassays in the field.
Flower visitors belonged to various dipteran families, but only Chloropidae and Milichiidae carried pollinaria (Table 1) . Flower visitors from other families were smaller and more fragile (e.g., Cecidomyiidae) and might be too weak to remove pollinaria from the flowers (cf. [5, 17] ). The majority of visitors trapped in the flowers were different species of Desmometopa (Milichiidae). A total of 26% thereof, all from the most abundant species, carried pollinaria (cf. Figure S1 ). Since species of Desmometopa are similar in body size and structure of their mouthparts, to which the pollinaria are attached, we assume that all flower-visiting species are potential pollinators of C. sandersonii. Desmometopa has a global distribution, consists of more than 50 species [19] , and has, as do members of other trapped fly groups, a kleptoparasitic habit. This feeding habit is mainly used by female flies to obtain protein for egg production [11] , and accordingly, mainly female flies were found in flowers of C. sandersonii. Desmometopa species have strong preference for honeybees, and the females can frequently be observed feeding in great numbers on fluids of honeybees caught by spiders ( Figure 1B ; [20] [21] [22] [23] ).
If it is the case that C. sandersonii chemically mimics food sources to deceive Desmometopa, we predict that the flowers will emit unusual compounds or specific blends of compounds not normally found in flowers. Furthermore, these compounds are expected to overlap with the volatiles released by honeybees when under attack. Flower scent of C. sandersonii is complex and contains widespread and uncommon compounds [24, 25] in a qualitative blend unique among flowering plants. We found that 60% of the floral compounds, including all main compounds, overlapped with the volatiles released from both European and South African honeybee subspecies under simulated attack (Table 2; Table S1 ; see also [25] [26] [27] [28] [29] [30] [31] [32] [33] ). We observed a high variation in the relative amount of scent among replicate flower and bee samples ( Table 2; Table S1 ; Figure 1A ). This finding points to a high intraspecific variability in the ratio of compounds released from both flowers of C. sandersonii and honeybees under simulated attack. Many of these compounds common in flower and bee samples are known to be produced in mandible glands (e.g., 2-heptanone; [34] ) or sting glands (e.g., alcohols and acetate esters; [29, [35] [36] [37] ) of worker bees and are released from the glands during defensive bites or when a honeybee extrudes its stinger for defense. Due to its anesthetic effects, 2-heptanone is also used by honeybees for defense against arthropods that are too small to be attacked with the stinger [38] . Geraniol, geranial, and neral, which were also present in both flower and honeybee samples, are known to be released from the Nasonov gland [39, 40] . The Nasonov pheromone is known to play an important role in communication among worker bees ( [40] and references therein). A defensive role for the Nasonov scent has not been reported before; however, we observed that honeybees caught by spiders and those under simulated attack in the lab both exposed their Nasonov gland. In other Apis species, i.e., A. dorsata (Fabricius 1793) [41] and A. nuluensis Tingek, Koeniger & Koeniger, 1996 [42] , the Nasonov pheromone is known to be involved in colony defense behavior, suggesting that a defensive use is also likely in A. mellifera.
The high overlap in volatiles between flowers and honeybees supports our hypothesis of food source mimicry in C. sandersonii, while our electrophysiological measurements and behavioral assays provide further support. Nearly half of the overlapping compounds were detected by the antennae of Desmometopa flies (Table 2 ; see also Figure 1A ), and four of these electrophysiologically active compounds were also behaviorally active. Geraniol, 2-heptanone, 2-nonanol, and (E)-2-octen-1-yl acetate attracted kleptoparasitic milichiid and chloropid flies when offered as a 1:1:1:1 mixture (c 2 = 5.59, p = 0.018). The mean ± SE number of flies attracted to the mixture per trial was 5.55 ± 1.44, whereas no insects were attracted to the acetone controls. We selected these four compounds for the bioassays because of their presence in both C. sandersonii flower scent and samples of honeybees under simulated attack. Furthermore, preliminary scent and electroantennographic detection (EAD) data indicated that these substances are abundant in flowers ( Figure 1A ) and elicit strong antennal responses. Owing to the high intraspecific variation, we used these Table S1 and FIGURE S2. Relative amount of volatiles collected from flowers of C. sandersonii in South Africa (BG-UKZN) and Germany (Bayreuth UBT) and from honeybees under simulated attack (for a complete list of compounds, see Table S1 ). S , compound identification verified through authentic standard. Origin of compounds from various honeybee glands (from [25] [26] [27] compounds in a 1:1:1:1 blend (see [43] for a discussion on selecting blends).
The subtractive choice bioassays in which each of one of the four components was omitted from the four blend mixture revealed significant differences among the four three-component mixtures (c 2 df = 3, n = 355 = 39.8; p < 0.001). The mixture depleted of (E)-2-octen-1-yl acetate (mix A, Figure 2A ) attracted a mean of 32.3 flies and was significantly more attractive than the other mixtures, which all attracted similar small numbers of flies (means 2.8-5.5) (Figure 2A) . The overall frequencies of Milichiidae, Chloropidae, and ''other Diptera'' responding to the bioassays also showed a significant difference among the different mixtures (p < 0.0001; Figure 2B ). The flies attracted to mix A nearly exclusively (97%) belonged to Milichiidae (Figure 2B ), including the most abundant pollinator Desmometopa cf. nudigena and other flower visitors of C. sandersonii in South Africa (Table 1 ). The fraction of Milichiidae attracted to the other three mixtures was lower (52%-66%) and did not include pollinating species. In the complete mixture, the proportions of attracted fly taxa were comparable to mix A (88% Milichiidae); however, no pollinator of C. sandersonii was attracted. Differences between pollinating fly species and flies attracted to the complete mixture could be explained by a year effect, since the complete mixture was tested in 2013 but the majority of flower visitors were collected in 2014. A similar year effect could explain the observed differences in the species composition of milichiid flies attracted to the complete mixture and to the depleted mix A. The complete mixture was tested in 2013, whereas bioassays with depleted mixtures were performed in 2014.
With the exception of a few compounds such as (E)-2-octen-1-yl acetate that appear not to have been previously reported in floral scents, many of the compounds identified in C. sandersonii are widespread floral scent compounds (e.g., (Z)-3-hexen-1-yl acetate, hexyl acetate, benzyl acetate, linalool; compare [24, 25] ) and insect pheromones and secretions [25, 44] . However, the qualitative composition is unusual for a flowering plant. For example, the biologically active compounds geraniol, 2-heptanone, and 2-nonanol are only presently known to be emitted in combination by some Ophrys orchids [45] . Moreover, we are not aware of any flowering plant other than C. sandersonii or any insect other than the honeybee that emits geraniol, 2-heptanone, 2-nonanol, and (E)-2-octen-1-yl acetate in combination. This observation further supports the hypothesis that C. sandersonii chemically mimics the volatile composition of honeybees under attack. Interestingly, isoamyl acetate, the main chemical component of defending honeybee volatiles [35] , is not found in the floral scent. Furthermore, this compound was not EAD active to Desmometopa flies (Table S1 ). Thus, it seems that Desmometopa does not use this compound as a food source cue.
The mimicry of odor cues emitted by honeybees for pollinator attraction has also been reported in Dendrobium sinense Tang & F.T. Wang, a deceptive, non-rewarding orchid species [46] . This orchid mimics alarm pheromone components of the Asian honeybee Apis cerana Fab. and is pollinated by Vespa bicolor Fab., a hornet that hunts Asian honeybees as food for its larvae. For prey location, V. bicolor uses (Z)-11-eicosen-1-ol, a compound that is present not only in the sting gland [47] but also on the surface of the Asian honeybee [46] . Despite the similarity in mimicking Apis components, there are obvious differences between the two systems. Ceropegia sandersonii mimics the food source of adult carnivorous fly pollinators, whereas the orchid mimics the larval food of a wasp pollinator. Furthermore, C. sandersonii attracts several fly species, whereas the orchid attracts only a single wasp species. In accordance with the geographical distribution patterns of the deceptive plants and the bees, the orchid uses the Asian honeybee A. cerana as model, whereas C. sandersonii uses the western honeybee A. mellifera. In contrast to the hornet, which actively hunts foraging, non-alarming Asian honeybees, the kleptoparasitic flies depend on other predatory arthropods to get access to their food source. The highly volatile compounds released from honeybees caught by an arthropod signal a freshly killed prey item to the flies. As food stealers, there is a need for the flies to respond rapidly to the chemical cues that they use to locate their food source before it is eaten by the predator. Indeed, a rapid response was observed in the bioassays, with flies often responding within seconds, consistent with this expectation.
Conclusions
In this study, we provide strong evidence for a new case of chemical mimicry whereby a plant species exploits the olfactory preference of scavenging, carnivorous Desmometopa flies. We show that the blend of volatiles emitted by C. sandersonii flowers is unique among flowering plants but similar to that released by attacked honeybees. Several of the compounds shared between flowers and bees were electrophysiologically active in antennae of fly pollinators. Furthermore, bioassays of a subset of these compounds elicited rapid attraction. The pollination system of C. sandersonii is functionally highly specialized because its floral scent is a chemical mimic of the western honeybee under attack, a food source for its kleptoparasitic fly pollinators.
EXPERIMENTAL PROCEDURES Plant Material and Study Sites
Detailed information on plant material and study sites can be found in the Supplemental Experimental Procedures.
Flower Visitors and Pollinators
All methods used for observing and determining flower visitors and pollinators followed standard procedures and are described in detail in the Supplemental Experimental Procedures.
Volatile Collection and Chemical and Electrophysiological Analyses
Floral scent samples of C. sandersonii and samples of the potential chemical model (Apis mellifera L. under attack) were collected in situ with two different dynamic headspace methods. Thermal desorption (TD) samples were collected for identification of scent compounds, while solvent acetone (SAc) samples were collected for electrophysiological analyses. Floral scent samples were collected using standard approaches ( [48] ; Supplemental Experimental Procedures]. TD and SAc samples were analyzed with gas chromatographic and mass spectrometric (GC/MS) methods and/or electroantennographic approaches (GC/EAD) following standard protocols (see Supplemental Experimental Procedures).
Bioassays
To test whether kleptoparasitic pollinators are attracted to attacked honeybees, single foraging honeybees (Botanical Garden UBT, University of Bayreuth; three A. m. carnica/ligustica individuals in June 2011) were caught with an insect net. The bees were held within gauze and pressed between fingers, whereby they repeatedly extruded their stinger as a sign of defense when being attacked. As a control, individual bees were held within gauze but not pressed with fingers; these did not extrude their stinger.
Behavioral assays with electrophysiologically active geraniol, 2-heptanone, 2-nonanol, and (E)-2-octen-1-yl acetate were conducted to confirm whether they elicit behavioral responses. The synthetic substances were offered as a four-component (complete) mixture and tested against an acetone control. To further assess the importance of the single substances contained in the complete mixture, five-choice assays were performed with reduced mixtures, each of which omitted one substance (mix A, no (E)-2-octen-1-yl acetate; mix B, no 2-heptanone; mix C, no geraniol; mix D, no 2-nonanol). The four possible three-component mixtures were tested against each other and against the negative control (see Supplemental Experimental Procedures for details). An advantage of testing the mixtures simultaneously in choice experiments is that such tests clearly show preferences of flies without being influenced by factors (e.g., availability of flies) that might differ when testing the mixtures at different sites or times. 
Statistical Analyses

